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We investigated the optical properties of epitaxial ;i-type ZnO films grown on lattice-matched ScAlMgCU sub- 
strates. As the Ga doping concentration increased up to 6 x 10 20 cm -3 , the absorption edge showed a systematic 
blueshift, consistent with the Burstein-Moss effect. A bright near-bandedge photoluminescence (PL) could be 
Qv ' observed even at room temperature, the intensity of which increased monotonically as the doping concentration 

was increased except for the highest doping level. It indicates that nonradiative transitions dominate at a low 
doping density. Both a Stokes shift and broadening in the PL band are monotonically increasing functions of 
donor concentration, which was explained in terms of potential fluctuations caused by the random distribution 
C/3 ' of donor impurities. 

PACS numbers: 78.55.Et, 81.15.Fg, 71.35.Cc, 72.15.-v 

1: 

>j_J , Optical properties of ZnO are currently subject of tremendous investigations, in response to the industrial demand for short- 

wavelength optoelectronics devices. Production of high-quality doped ZnO films is indispensable for the device application. 
Photoluminescence (PL) is a sensitive and non-destructive method, the results of which provide a good indicator of material 
quality. Impurity-doping, defect, and surface profile both have influence to its broadening, Stokes shift, and radiative efficiency. 
Room-temperature (RT) near-bandedge (NBE) luminescence has not been observed in donor-doped ZnO except for lightly- 
doped ones despite the long research history of this material as a transparent conductive window Gl S el ■ Indeed when 
ZnO:Al films were grown on lattice matched substrates, detectable NBE PL could be observed only at 5 K. As pointed out by 

l — ', Ko et at, oxidation of the Al during the growth owing to its high reactivity may be responsible for that. On the other hand, 
Ga is less reactive and more resistive to oxidation. The covalent bond lengths of Ga-O is slightly smaller than that of Zn-O, 
which will make the deformation of the ZnO lattice small even in the case of high Ga concentration |2]. In this publication, we 

,__! • report observation of the RT NBE luminescence from ZnO:Ga epitaxial layers. The radiative efficiency, threshold energy and 

j— ( ' the linewidth of the near-band-gap optical transition are investigated as a function of doping density of Ga. 

Ga-doped ZnO samples were grown by laser molecular-beam epitaxy on the (OOOl)-plane of a ScAlMg04 substrate. The 
samples were grown at temperatures of 650 to 680 °C. The Ga doping was varied to achieve doping densities in the range 
of 8 x 10 18 to 6 x 10 20 cm -3 |5|]. We used Fig. 2 of Ref. 6 for the conversion from prescribed Ga concentration. The 
photoluminescence measurements were performed using an He-Cd laser, with emission at 325 nm. The luminescence from 
samples was dispersed in a 0.3 m spectrometer and detected by a charge-coupled device. Absorption was measured by using a 
UV/visible spectrometer (Shimadzu, UV2450) 0]. 

Figure 1(a) shows room-temperature near-bandedge photoluminescence spectra (left-hand side) in n-type Ga-doped ZnO 
samples with different doping densities. The corresponding absorption spectra (right-hand side) are also shown, and they indicate 
a clear blue-shift (at most ~ 430 meV) related to the well-known Burstein-Moss effect Qlal- All of the luminescence spectra 
displayed intense near-bandedge transitions. In order to identify the physical nature of this near-bandedge transition, comparison 
with absorbance data was made. In n-doped ZnO, as shown in Fig. 1(b), an absorptive optical transition occurs from the valence 
band to the Fermi level or conduction band, while an emissive transition occurs from an impurity-donor band to the valence band. 
This is the reason for the occurrence of a Stokes shift, i.e., the luminescence peak is red-shifted from the absorption threshold. 
The dominant luminescence transition is therefore thought to be due to such a donor-to-free-hole recombination. Since the 
Stokes shifts exceed a sum of the donor and acceptor ionization energies in samples at the highest doping levels (1.5 x 10 20 to 
6 x 10 20 cm -3 ), they are assigned to recombination of donor-acceptor pairs [9, 10]. 

The intensity of the near-bandedge transition increased markedly as the doping concentration increases. Figure 2 shows 
integrated intensity as a function of doping concentration. The integrated intensity increases by a factor of 17 as the doping 
density is increased from 8 x 10 18 to 1.5 x 10 20 cm -3 and then finally decreases at the highest level (6 x 10 20 cm -3 ). The 
relatively low intensity at low doping concentrations is attributed to nonradiative transitions. The lifetime of the nonradiative 
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channel is determined by the nonequilibrium minority carrier (hole) concentration and the concentration of traps participating 
in the recombination. In «-type semiconductors, the trap recombination rate is proportional to N?p, whereas the radiative 
recombination rate is proportional to np = Njjp. The ratio of radiative to nonradiative recombination rates is Njj/Nt EH- 
If Nt is independent of the doping concentration, radiative transitions increase with increase in doping concentration. Thus, 
higher efficiency is expected as Njj increases. This increase in efficiency was indeed observed experimentally. The monotonic 
increase in luminescence efficiency with an increase in doping concentration also shows that luminescence killers (deep levels) 
do not increase with increase in doping concentration, which is indicative of high quality of the epitaxial films. In the case of 
ZnO epitaxy, it has been difficult to achieve such a situation, i.e., impurity doping has so far induced a sizable increase in the trap 
center concentration O Eh. [1211 . On the other hand, the luminescence efficiency decreases at the highest doping concentrations. 
This decrease is probably attributed to compensating native defects 1 13]. The RT NBE PL could not be observed in ZnO:Al 
films grown on the lattice-matched substrate. 

We determine the energy position of the absorption edge by taking the zero crossing of the second derivative spectrum of the 
absorption coefficient. Solid marks in Fig. 3(a) show experimental data as a function of electron density n s that was measured 
by the Hall-bar method. The experimental results are compared with the "full" theory of Sernelius et al |]]|. This has been 
developed for polar semiconductors, taking the band gap renormalization, Burstein-Moss effect and polaron effect into account. 
A solid curve show a result which computes an energy difference between the valence band and the Fermi level. All of the 
quantities required to calculate this curve were taken equal as those used in Ref. 1 1 ] . The experimental data for ZnO:Ga are seen 
to agree well with the solid curve. 

Inspection of the spectra respectively reveals that the Stokes shift energy increases from 22.4 to 396 meV and the linewidth 
of the transition increases from 154 to 293 meV as the doping concentration increases from 8 x 10 18 to 6 x 10 20 cm~ 3 . 
Open squares in Fig. 3(b) show the Stokes shift that is difference between the PL peak and the absorption threshold. Both the 
enhancement are explained in terms of potential fluctuations caused by the random distribution of doping impurities 1 1111 . It is 
thought that the localization of photocreated carrier due to the fluctuation determines the Stokes shift. The localization depth 
grows with an increase in the randomness. In a reminder of the letter, a quantitative comparison will be made only for the 
latter case. Randomly distributed dopants lead to unavoidable fluctuations of the doping concentration on a microscopic scale. 
These microscopic concentration fluctuations result in potential fluctuations. By taking the standard deviation of the potential 
fluctuation, the broadening of the near-bandedge transition was calculated [11], the result of which is used in this work. The full 
width at half-maximum (FWHM) is then given by; 
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A^fwhm = 5— J(N D +N A )— iexp(-3/4) x 2%/2hT2, (1) 

6TT€ V 3 

where e is the dielectric constant, Nd {Na) stands for the concentration of donors (acceptors), and r 8 is either the Debye or 
Thomas-Fermi screening radius. The factor 2\/21n2 accounts for the difference between the standard deviation and the FWHM 
of a Gaussian distribution. The other symbols used in Eq. Q have the usual meaning. 

A comparison of experimental linewidth and theoretical data is shown in Fig. 4. Since band filling is not taken into account 
in the model presented here, this model is applicable only for Nd < um, where um is the the Mott critical density (~ 7 x 
10 19 cm -3 in ZnO) above which the Fermi level enters into the conduction band. The Mott density was determined from Eq. (2) 
of Ref. 14. The data for the two highest doping levels were therefore omitted. The FWHM given by Eq. Q and the thermal 
broadening given by 1 . 8kT are shown in Fig. 4. In addition, the total broadening by the two uncorrected broadening mechanisms 
is shown. With an increase in concentration from 8xl0 18 to 8 x 10 19 cm -3 , the FWHM became larger, which is a similar 
tendency to that of the theoretical impurity broadening, as expected. The measured broadening is, however, quantitatively in 
poor agreement with the theory, i.e., significantly larger than the calculated broadening. Although the reason for this discrepancy 
is not clear, it is probably from the contribution of the phonon replicas superimposing on a zero-phonon luminescence band. In 
the case of n-GaN:Si, there were weak shoulders in the Stokes sides of the main luminescence peaks [11]. In ZnO:Ga, on the 
other hand, the intensity of a one-phonon replica could be comparable to that of a zero-phonon peak, which leads to larger 
FWHMs. A further systematical study is necessary to elucidate that. 

In summary, observation of the room-temperature NBE luminescence in ZnO:Ga is reported for Ga doping concentrations 
ranging from 8 x 10 18 to 6x 10 20 cm~ 3 . A comparison of luminescence and absorption results shows that the NBE luminescence 
is assigned to donor-to-free-hole recombination for relatively low dopant concentrations and to donor-acceptor pairs for higher 
concentrations. The intensity increases monotonically with an increase in doping concentration except for the highest one, 
indicating the presence of luminescence killers in moderately doped ZnO. The relevancy of recombination centers is reduced at 
high doping concentrations. Doping yielded a band-gap widening to as large as ~ 0.4 eV. The sizable amounts of Stokes shift 
and PL broadening were explained in terms of the localization effect of photocreated carriers. 
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T. Makino etal., Fig. 1 

FIG. 1 : (Color online) (a) Room-temperature photoluminescence spectra (left-hand side) of 72-type ZnO doped at different Ga concentrations. 
Also shown are the corresponding absorption spectra (right-hand side), (b) An energy diagram of doped ZnO illustrating the corresponding 
optical transition thresholds. 



[2] H. J. Ko, Y. F. Chen, S. K. Hong, H. Wenisch, T. Yao, and D. C. Look, Appl. Phys. Lett. 77(23), 3761 (2000). 

[3] M. Lorenz, E. M. Kaidashev, H. Vonwenckstern, V. Riede, C. Bundesmann, D. Spemmann, G. Benndorf, H. Hochmuth, and A. Rahm, 
Solid State Electron. 47(12), 2205 (2003). 

[4] T. Makino, K. Tamura, C. H. Chia, Y Segawa, M. Kawasaki, A. Ohtomo, and H. Koinuma, Phys. Rev. B 65(12), 121201(R) (2002). 

[5] T. Makino, C. H. Chia, N. T. Tuan, Y Segawa, M. Kawasaki, A. Ohtomo, K. Tamura, and H. Koinuma, Appl. Phys. Lett. 76(24), 3549 
(2000). 

[6] M. Sumiya, S. Fuke, A. Tsukazaki, A. Ohtomo, M. Kawasaki, K. Tamura, and H. Koinuma, J. Appl. Phys. 93(5), 2562 (2003). 

[7] E. Burstein, Phys. Rev. 93(3), 632 (1954). 

[8] T. S. Moss, Optical Properties of Semiconductors (Academic Press, New York, 1961). 

[9] D. C. Look, D. C. Reynolds, C. W. Litton, R. L. Jones, D. B. Eason, and G. Cantwell, Appl. Phys. Lett. 81, 1820 (2002). 
[10] K. Tamura, T Makino, A. Tsukazaki, M. Sumiya, S. Fuke, T Furumochi, M. Lippmaa, C. H. Chia, Y Segawa, H. Koinuma, et al., Solid 

State Commun. 127, 265 (2003). 
[11] E. F. Schubert, I. D. Goepfert, W. Grieshaber, and J. M. Redwing, Appl. Phys. Lett. 71(7), 921 (1997). 

[12] T Makino, C. H. Chia, Y Segawa, A. Ohtomo, K. Tamura, M. Kawasaki, and H. Koinuma, Phys. Status Solidi (b) 299(1/2), 853 (2002). 
[13] L. Carderon, Y Lu, H. Shen, J. Pamulapati, M. L. W. Yang, and P. D. Wright, Appl. Phys. Lett. 60(13), 1597 (1992). 
[14] D. Reynolds, D. C. Look, and B. Jogai, J. Appl. Phys. 88(10), 5760 (2000). 



E 


n-type ZnO 
T = 293 K 
\, xc = 325 nm 




O 




< 

c 

£ 


_ Pexc =3 mW 

O 
rr 


O 


integrated 
intensity 




O 




34567 2 34567 2 34567 

10" 10 2 ° 10 Z1 

Doping concentration N D (cm" ) 



T. Makino etal., Fig. 2 



FIG. 2: Integrated emission intensity of the near-bandedge transition of n-type ZnO as a function of the doping concentration. 
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FIG. 3: (Color online) (a): Optical band gap versus electron density for ZnO:Ga films as obtained from experimental data (solid circles) and 
a computed result (solid curves). A solid curve refers to the theory for polar semiconductors including self-energy shift which is cited from 
Ref.Q]. Also shown by open squares are the PL Stokes shifts (b). 
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FIG. 4: (Color online) Experimental linewidth of the near-bandedge transition of ;i-type ZnO as a function of the doping concentration. Also 
shown are the theoretical thermal broadening and broadening due to random impurity concentration fluctuations. 



